Diacylglycerol-induced translocation of diacylglycerol kinase (ATP:1,2-diacylglycerol 3-phosphotransferase, EC 2.7.1.107) from the soluble to the membrane-bound compartments was demonstrated both in crude tissue homogenates and in a reconstituted enzyme-membrane model system. In homogenates of either rat brain or liver, incubation with diacylglycerol or phospholipase C, but not phospholipase A2 or phospholipase D, resulted in the translocation of diacylglycerol kinase activity from the soluble to the particulate fraction. This observation formed the basis for the first step in a two-step purification of diacylglycerol kinase. Enzyme extracted in 1 M salt from membranes of rat brain homogenates made in the presence of phospholipase C was purified further by affinity chromatography on a column containing phosphatidylserine, diacylglycerol, and cholesterol immobilized in polyacrylamide. This step yielded an enzyme preparation (step 2 enzyme) that was 500-to 750-fold purified (relative to the tissue homogenate) and required phosphatidylserine for stability. All other lipids tested failed to stabilize the enzyme. The properties of the enzyme preparation were similar to those of mammalian diacylglycerol kinases described by others. Reconstitution experiments showed that the soluble step 2 enzyme bound to inside-out vesicles of human erythrocytes only in the presence of diacylglycerol or phospholipase C but not phospholipase A2 or D. Redistribution of the kinase from soluble to vesicle-bound forms occurred rapidly and was dependent on the concentration of phospholipase C used to treat the vesicles. Physiological concentrations of calcium (50-1000 nM) did not enhance the phospholipase C-mediated translocation of the kinase. Thus, diacylglycerol kinase can translocate from cytosol to membranes in a manner dependent on the content of membrane-bound diacylglycerol but independent of the ambient concentration of calcium.
The recent advent of diacylglycerol as the endogenous activator ofprotein kinase C has propelled diacylglycerol into the limelight as an important second messenger, coupling receptor-mediated hydrolysis of phosphatidylinositols to activation of protein kinase C. It has been known for some time that diacylglycerol is produced as a result of the hydrolysis of phosphatidylinositols by phospholipase C (1-3). Many reports (4) (5) (6) (7) (8) indicate that protein kinase C can translocate from cytosol to membranes as a result of the formation of diacylglycerol and the increased cytosolic calcium concentration resulting from inositol trisphosphate formation. However, diacylglycerol is rapidly converted to phosphatidate by diacylglycerol kinase (ATP:1,2-diacylglycerol 3-phosphotransferase, EC 2.7.1.107) (9, 10) . Like protein kinase C, diacylglycerol kinase requires phospholipid for catalytic function (11, 12) . Moreover, because diacylglycerol kinase is at least partially responsible for the half-life of diacylglycerol, it may play an important role in regulating the coupling of agonist-induced generation of membrane diacylglycerol to activation of protein kinase C. In eukaryotic cells, however, diacyglycerol kinase has received little attention. Early studies (13) (14) (15) (16) indicated that the enzyme was located in many cellular compartments, as defined by cell fractionation. Initial attempts to purify the enzyme fell short (17) , and only recently was purification of the enzyme from pig brain reported (11) . The purification scheme, however, required large amounts of starting material and 1 week to perform six different chromatographic steps and yielded a labile enzyme. Thus, the goals of this work were to develop a rapid method to obtain significantly purified diacylglycerol kinase, to stabilize the enzyme, and to define enzyme behavior crucial to regulation of membrane diacylglycerol levels. Here we report (i) the use of lipid-affinity chromatography to obtain a highly enriched preparation of the kinase in one step, (i) an absolute requirement for phosphatidylserine to stabilize the highly purified enzyme, and (iii) the rapid translocation ofthe enzyme from cytosol to membrane in response to the formation of membrane diacylglycerol, as demonstrated in both crude tissue homogenates and a reconstituted enzyme-membrane model system.
MATERIALS AND METHODS
Materials. Phospholipase C (type V from Bacillus cereus and type XII from Clostridium welchii), phospholipase A2 (from bee venom), phospholipase D (type III from peanut), and all phospholipids were from Sigma. Diacylglycerols (1,2-from pig liver lecithin) and 1,2-and 1,3-diolein (1,2-and 1,3-dioleoyl-sn-glycerol) were from Serdary Research Laboratories (London, ON).
Preparation of Phosphatidylserine/Diacylglycerol/Cholesterol/Polyacrylamide Affinity Column. Affinity columns were prepared essentially as described (18) , using 5 mg of phosphatidylserine, 5 mg of diacylglycerol, and 25 mg of cholesterol; in some experiments 5 mg of phosphatidylcholine was substituted for phosphatidylserine. The polymerized gel was stored at 40C and used within 1-2 days of preparation. Affinity columns were prepared by grinding the polymerized gel through a wire-mesh tea strainer (pore size 0.5 mm) six times. The resulting particles were suspended in water and allowed to settle for 5 min. The supernatant was decanted, and the pellet was resuspended in water and allowed to settle as above. This procedure was repeated four times with water and then twice with ice-cold buffer C (20 mM Tris HCl, pH 7.6/10mM dithiothreitol/1 mM CaCl2/1 mM MgCl2). The gel particles suspended in buffer C were packed into a 2-ml glass column (0.5 x 10 cm), and the column was run at 10-15 ml/hr.
Assay of Diacylglycerol Kinase. Enzyme activity was assayed by modification of the method of Kanoh et al. (11) (8) . The inside-out vesicles were washed three times with 10 mM Tris HCl (pH 7.6) and resuspended in this buffer at 1-3 mg of protein per ml. Binding of diacylglycerol kinase to inside-out vesicles was assayed in 200-,ul reaction mixtures containing Tris-HCl (10 mM, pH 7.6), MgCl2 (3 mM), dithiothreitol (1 mM), bovine serum albumin (30 ,Ag/ml), inside-out vesicles (100-300 pug of protein), EGTA (0.1-1 mM), and phospholipase C (0-2.5 units/ml). After preincubation for 5 min at 23TC, step 2 kinase (50-200 ng of protein) was added, and the mixture was incubated at 30TC for 10 min and then immediately centrifuged at 40,000 x g for 10 min. The supernatant was assayed for diacylglycerol kinase activity as described above. In certain experiments, CaC12 was added (in the presence of 100 ,tM EGTA) to give final free calcium concentrations as determined previously (20 Laemmli (21) . Protein was determined by the method of Bradford (22) , using bovine serum albumin as the standard.
RESULTS
Preparation of Diacylglycerol Kinase.
Step 1 kinase was further purified by chromatography on a lipid-affinity column containing phosphatidylserine/diacylglycerol/cholesterol immobilized in polyacrylamide. Typically, 25-60% of the diacylglycerol kinase activity bound to the column, and the presence of calcium was essential for binding. Addition of 1 M KCl or NaCl eluted 25-50% of the bound enzyme activity. However, in contrast to the reported elution ofprotein kinase C from a calcium-containing phosphatidylserine/cholesterol affinity column (18) , the diacylglycerol kinase could not be eluted by addition of 10 mM EDTA or EGTA. Lower salt concentrations (300 mM) were also ineffective in eluting the kinase. Purification of the eluted step 2 enzyme was determined to be 500-to 750-fold.
To further characterize the binding of the kinase to the affinity column, the specificity of diacylglycerol kinase for immobilized phosphatidylserine and diacylglycerol was evaluated. Three columns were prepared: phosphatidylserine/ diacylglycerol/cholesterol, phosphatidylserine/cholesterol, and phosphatidylcholine/cholesterol. Compared to the phosphatidylserine/diacylglycerol/cholesterol column, the phosphatidylcholine/cholesterol column bound 70% less enzyme and yielded 95% less enzyme. However, the column prepared with phosphatidylserine/cholesterol bound only 30% less enzyme and yielded only 25% less enzyme. Thus, although the presence of diacylglycerol did improve overall performance, the binding of the kinase to the phosphatidylserine/diacylglycerol/cholesterol column appeared to be governed more by the specificity of the enzyme for phosphatidylserine than by its specificity for diacylglycerol. This point is further illustrated by the finding that washing the phosphatidylserine/diacylglycerol/cholesterol column with 10 mM ATP/5 mM MgCl2 failed to elute the enzyme. Stabilization of Diacylglycerol Kinase. During a previous purification of diacylglycerol kinase, Kanoh et al. (11) noted the extreme lability of the isolated enzyme. Likewise, our attempts to stabilize the step 2 enzyme with dimethyl sulfoxide, polyethylene glycol, glycerol, high salt, or freezing all were unsuccessful. However, when sonicated phosphatidylserine was added to purified step 2 enzyme, 65% of the activity was retained after 7 days at 40C. Of the five phospholipids evaluated, only phosphatidylserine was able to stabilize the activity (Fig. 1) . Addition of sonicated phosphatidylcholine, phosphatidylinositol, phosphatidyleth- Step 2 kinase was prepared and concentrated as described in Materials and Methods. The enzyme preparation was divided into equal aliquots and phosphatidylserine (e), phosphatidylcholine (A), phosphatidylinositol (o), phosphatidylethanolamine (o), or sphingomyelin (m) was added (250 ,ug/ml). After various times of storage at 40C, the diacylglycerol kinase activity of the aliquots was assayed in the presence of phosphatidylserine. Enzyme receiving no phospholipid addition showed nearly complete loss of catalytic activity after only 1 day of storage. The results suggest that lipids other than phosphatidylserine may not only fail to stabilize the enzyme but may also be inhibitory to the enzyme, since samples stabilized with lipids other than phosphatidylserine showed decreased catalysis at time zero. This finding is consistent with that of others (11) . All values represent means of triplicate determinations, and the experiment represents one of three performed.
anolamine, and sphingomyelin to step 2 kinase resulted in total loss of activity within 1-3 days. The addition of sonicated diacylglycerol, lysophosphatidylserine and lysophosphatidylcholine were also ineffective at stabilizing the enzyme (data not shown). These results again reflect the specificity of the kinase for phosphatidylserine and provide a method for stabilization of the purified enzyme.
Characterization of the Stabilized Diacylglycerol Kinase Preparation.
Step 2 kinase demonstrated kinetic properties similar to those of diacylglycerol kinase purified by others from pig brain (11, 12) and rat liver (17) . Diacylglycerol kinase has been reported to be specific for 1,2-diacylglycerol (12, 15) .
Step 2 enzyme showed a 7-to 8-fold preference for phosphorylating 1,2-diacylglycerol over 1,3-diacylglycerol. The Km values of step 2 kinase for 1,2-diacylglycerol and for ATP were determined to be 1 AM and 600 AM, respectively.
These values are within the range reported for other preparations of diacylglycerol kinase (11, 12, 15, 17) . The catalytic activity of the step 2 kinase had an absolute requirement for phospholipid, showing a 3-fold preference for phosphatidylserine over phosphatidylcholine. This finding is consistent with that of Bishop et al. (12) , who demonstrated that pig brain diacylglycerol kinase preferred phosphatidylserine over all other individual lipid cofactors tested.
Diacylglycerol and Phospholipase C Induce Translocation of Diacylglycerol Kinase in Brain and Liver Homogenates. Protein kinase C can translocate to membranes in response to agonist-induced diacylglycerol formation (4) (5) (6) (7) (8) , and the halflife of diacylglycerol is short, in part because of its rapid conversion to phosphatidate by diacylglycerol kinase (9, 10). Thus, for diacylglycerol kinase to convert agonist-induced diacylglycerol to phosphatidate, we hypothesized that the enzyme must be able to translocate from cytosol to membranes in response to membrane-bound diacylglycerol. To test this hypothesis, we determined the distribution of diacylglycerol kinase activity between cytosol and particulate fraction in homogenized rat brains incubated with phospholipase C, diacylglycerol, or control buffer ( Table 1) . Addition of diacylglycerol or phospholipase C markedly shifted the distribution of diacylglycerol kinase activity from cytosol to particulate. To determine whether this redistribution was specific for phospholipase C (specific for diacylglycerol), rat brains were homogenized, split into four aliquots, and incubated in the presence of 1 mM calcium with 5 units of phospholipase A2, D, or C per ml or with vehicle. Following centrifugation, the pellets were washed and then extracted with 1 M KC1. The brain homogenates incubated with vehicle alone or with phospholipase A2 or D all exhibited identical diacylglycerol kinase activities in the KC1 extracts. The brain homogenate incubated with phospholipase C, however, contained nearly 3 times more diacylglycerol kinase activity associated with the particulate fraction, as reflected by the KCl extract. Virtually identical results were obtained in experiments using homogenates of liver (data not shown). These results suggest that generation of diacylglycerol by phospholipase C in brain or liver homogenates results in the translocation of diacylglycerol kinase from cytosol to the particulate fraction. This translocation provided the rationale for step 1 of the purification.
Diacylglycerol and Phospholipase C Induce Calcium-Independent Translocation of Diacylglycerol Kinase in a Reconstitution System. The use of human erythrocyte inside-out vesicles as a model system for studying protein-membrane interactions has been demonstrated. (7, 8, 23) . To study translocation of diacylglycerol kinase in a well-defined model system, binding of step 2 enzyme to inside-out vesicles was monitored. Kinase was added to inside-out vesicles pretreated with various concentrations of phospholipase C, and the soluble enzyme was separated from the inside-out vesicles by centrifugation. Kinase activity was lost from the supernatant in a manner dependent on the concentration ofphospholipase C used to pretreat the inside-out vesicles (Fig. 2) . At levels as low as 0.005 unit of phospholipase C per ml, loss of 27%/73% Six rat brains were homogenized in buffer A (without phospholipase C) at 4°C, and the homogenate split into three equal aliquots, which were incubated for 10 min at 37°C either with no addition, with diacylglycerol (40 ttg/ml) or with phospholipase C (4 units of type V plus 2 units of type XII per ml). Homogenates were centrifuged at 20,000 g g for 30 min and the resulting supernatants and pellets were assayed for diacylglycerol kinase activity. diacylglycerol kinase activity could be detected. Addition of exogenous diacylglycerol to inside-out vesicles also induced association (24%) of the kinase with the inside-out vesicles, although, as observed in the tissue-homogenate experiments (Table 1) , this treatment was not as effective as treatment with phospholipase C.
To determine whether the induced association of diacylglycerol kinase activity with the inside-out vesicles was specific for phospholipase C (membrane-derived diacylglycerol), diacylglycerol kinase was added to vesicles pretreated either with vehicle or with 2.5 units of phospholipase A2, D, or C per ml ( Table 2) . Treatment of inside-out vesicles with phospholipase A2 or D or with vehicle did not induce loss of soluble diacylglycerol kinase activity from the supernatant. However, treatment of inside-out vesicles with phospholipase C resulted in a 32% decrease in diacylglycerol kinase activity associated with the supernatant. Control samples containing diacylglycerol kinase and phospholipase, but no inside-out vesicles, did not exhibit a decrease in soluble (supernatant) kinase activity. Additionally, all phospholipases were devoid of diacylglycerol kinase activity. In separate experiments, 81% ofthe kinase activity lost from the supernatant was found to be associated with the inside-out vesicles (data not shown).
To explore further the degree of similarity between diacylglycerol-induced translocation of protein kinase C and of diacylglycerol kinase, the effect of calcium on phospholipase C (2.5 units/ml)-induced translocation was investigated (Table 3) . A physiological concentration of calcium (1 ,uM) did not significantly increase the phospholipase C-mediated association of soluble diacylglycerol kinase activity with inside-out vesicles. Note, however, that 1 mM calcium resulted in substantial association of diacylglycerol kinase activity with inside-out vesicles in the absence of phospholipase C. This observation is consistent with the binding of the kinase to phosphatidylserine/cholesterol columns in the presence of high calcium (5 mM). To ensure that the calcium- Dependence of translocation of diacylglycerol kinase to inside-out vesicles on the concentration of phospholipase C. Insideout vesicles were preincubated for 5 min at 23C with various concentrations of phospholipase C and then incubated with step 2 kinase for 10 min at 30C. Samples were centrifuged, and the diacylglycerol kinase activity remaining in the supernatant was determined. Experiments were performed in the presence of 1 mM EGTA. Each value represents the mean of triplicate determinations. Inside-out vesicles were preincubated for 5 min at 230C either with 2.5 units of phospholipase A2, D, or C per ml or with vehicle and then incubated with step 2 diacylglycerol kinase for 10 min at 30'C. Samples were centrifuged, and the diacylglycerol kinase activity remaining in the supernatant was determined. Experiments were performed in the presence of 1 mM EGTA. Values represent the means of triplicate determinations. independent nature of diacylglycerol kinase translocation described in Table 3 did not result from the use of a supramaximal concentration of phospholipase C (2.5 units/ml), the experiments were repeated using a limiting concentration of the phospholipase (0.005 unit/ml; see Fig.  2 ). Again, the presence of physiological concentrations of calcium (50-1000 nM) failed to increase the amount of diacylglycerol kinase associated with inside-out vesicles (data not shown). These results indicate that translocation of diacylglycerol kinase from cytosol to membranes is dependent on the generation of membrane-bound diacylglycerol but independent of the concentration of calcium, within the physiological range.
DISCUSSION
A two-step procedure based on the affinity of diacylglycerol kinase for diacylglycerol and phosphatidylserine has been used to obtain a highly enriched preparation of rat brain diacylglycerol kinase. Stabilization of this preparation required phosphatidylserine, as did expression of catalytic activity. In either crude tissue homogenates or a reconstituted enzyme-membrane model system, diacylglycerol-induced translocation of the kinase could be demonstrated, and this translocation appeared to be independent of calcium. In light of the participation of diacylglycerol kinase in both glycerolipid synthesis and turnover of hormone-induced Inside-out vesicles were preincubated for 5 min at 23°C in the absence or presence of phospholipase C (2.5 units/ml) and then incubated with step 2 diacylglycerol kinase for 10 min at 30°C in the absence or presence of calcium. All samples contained 100 ,uM EGTA; where indicated, enough CaCl2 was added to achieve a final calcium concentration of 1 ,uM or 1 mM (20) . Samples were centrifuged, and the diacylglycerol kinase activity remaining in the supernatant was determined. Values represent the means of triplicate determinations. The catalytic activity of type V phospholipase C from B. cereus is calcium-independent. membrane diacylglycerol, translocation should be viewed within the framework of the subcellular organization of the enzyme.
Diacylglycerol kinase has been detected in both soluble and membrane-bound subcellular fractions, including cytosol (14, 15) , microsomes (13) (14) (15) , synaptosomes (14) , and nuclear envelopes (16) . The properties of membrane-bound and soluble kinase are reported to be similar (15) , but whether both activities arise from the same enzyme species is not known. In this regard, translocation of a single species of diacylglycerol kinase between cellular compartments permits multiple sites of intracellular enzyme localization, and the data presented here make this possibility tenable. As well, polyclonal antibodies raised against a purified pig brain cytosolic diacylglycerol kinase demonstrated crossreactivity with diacylglycerol kinase from pig brain microsomes and synaptosomes (24) . However, other observations suggest that there are probably a multiplicity of cellular diacylglycerol kinase species: (i) Antibody raised against a single species of pig brain cytosolic diacylglycerol kinase failed to precipitate 40% of the total activity in pig brain cytosol (24) .
(ii) The reported molecular mass of pig brain diacylglycerol kinase is 70 kDa (11) and that of the rat liver enzyme is 121 kDa (17) . (iii) Although the step 2 enzyme described here was highly purified, NaDodSO4/PAGE of the preparation still showed four major bands. Numerous attempts to purify this preparation to homogeneity met with little success (see Materials and Methods). Invariably, the four bands copurified and showed behavior inconsistent with a subunitto-holoenzyme relationship. These observations raise the possibility that the four bands represent different species of rat brain diacylglycerol kinase.
Both protein kinase C and diacylglycerol kinase require anionic phospholipids as essential cofactors, with phosphatidylserine being the most effective (3, 12, 25) . The inner surface of the plasma membrane is rich in phosphatidylserine, making the erythrocyte inside-out vesicle a good model for studying the translocation of diacylglycerol kinase and protein kinase C from cytosol to the inner aspect of the plasmalemma. In addition, both enzymes possess binding sites for diacylglycerol (diacylglycerol is a cofactor for protein kinase C and the substrate for diacylglycerol kinase). However, in contrast to protein kinase C, diacylglycerol kinase does not require physiological concentrations of calcium for either its catalytic activity or for its diacylglycerol-induced translocation from the cytosol to the membrane. This indifference to calcium may be seminal to understanding what similarities, if any, the binding sites common to both enzymes share. Recently, Bell and coworkers (26, 27) proposed a model for the binding of phosphatidylserine, diacylglycerol, and calcium by protein kinase C. The cornerstone of this model is that calcium is anchored by four phosphatidylserine head groups and diacylglycerol, forming a complex capable of activating protein kinase C. If this model proves correct, it is difficult to see how this paradigm could work for diacylglycerol kinase. Clearly, characterization of the binding domains common to both protein kinase C and diacylglycerol kinase requires further analysis. In this regard, preliminary results indicate that phorbol 12,13-dibutyrate may not effectively bind to the diacylglycerol binding site (active site) of diacylglycerol kinase, as 1 AM phorbol dibutyrate does not inhibit enzyme-mediated phosphorylation of diacylglycerol.
Competition between diacylglycerol kinase and protein kinase C for agonist-induced diacylglycerol appears likely. Both enzymes have similar affinities for diacylglycerol (25, 28) , both enzymes are stereospecific for 1,2-diacyl-sn-glycerol (15, 29) , both enzymes translocate to the cell membrane in response to the appearance of diacylglycerol (although protein kinase C requires increased cytosolic calcium to do so effectively; refs. [4] [5] [6] [7] [8] , and both enzymes require phosphatidylserine for binding to cell membranes and for expression of catalytic activity (3). Thus, one might speculate that an additional level of complexity may exist-namely, regulation of diacylglycerol kinase by protein kinase C.
